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Abstract 
When integrating a power plant with post-combustion CO2 capture (e.g. chemical absorption) an efficiency penalty is induced on the joint 
process. The largest part of this penalty is related to lost power in the power plant steam turbine due to steam extraction used for solvent 
regeneration. In this work, a detailed integration study has been performed on a natural gas combined cycle (NGCC) and conventional steam 
power plant. The main task was to minimize the efficiency penalty by identifying the optimal extraction point and steam conditions. 
Alternative configurations within the capture process were investigated aiming at reducing the overall energy requirement of the capture 
process. GT PRO and STEAM PRO were used to model the NGCC and hard-coal plant, respectively, while UniSim® was used for capture 
process modeling. When including CO2 capture, results show an efficiency penalty 7%-points for the NGCC case (reduced from 58.3% to 
51.2%), while the penalty of the coal-fired power plant was between 10.6%-points (reduced from 44.2% to 33.6%).  
 
Internal process modifications of the capture process indicated an overall energy saving potential of 11.4% when compared to the base case 
absorption process for the NGCC plant. The corresponding savings potential for the hard-coal plant was 12.1%. This improvement 
corresponded to an efficiency increase from 51.2% to 52.0% for the NGCC case, and 33.6% to 34.9% for the hard-coal case. Part-load 
simulations were performed in order to identify how the overall process was affected during part-load operation, with emphasis on 
parametric variations in the connecting points between the capture plant and power plant cycles. 
© 2011 Published by Elsevier Ltd.  
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1. Introduction 
In the campaign of mitigating CO2 emissions, several technologies need to interact in forming the future energy system. 
Renewables, nuclear power, energy efficiency and CCS will together form the basis of emission reduction. Of the mentioned 
technologies CCS is the only technology that directly reduces CO2 emissions. The world’s electricity demand is expected to 
increase from today’s level of 19756TWh to 34290TWh in 2030. Considering this and the fact that approximately 75% of the 
electricity will be produced by fossil energy sources (44% from coal and 20% from natural gas-firing), it is vital to implement 
CCS in coal and natural gas-fired power plants at an early stage [1]. A number of pilot-plants are now in operation all over the 
world proving the applicability and operability of various capture technologies. Also, several demonstration projects are being 
planned and built [2].  
 
One of the most promising and mature capture technologies is the chemical absorption process using chemical solvents to 
separate CO2 from the flue gas. This process is well-known as it has been utilized in natural gas processing, food processing 
and chemical industries for decades [3]. The main disadvantage when applying chemical absorption for CO2 capture from 
power plants is the large thermal energy requirement for dissolving CO2 from the solvent. The regeneration energy accounts 
for approximately 3.5-3.6 MJ/kg CO2 for the conventional MEA-absorption process, corresponding to about 50-60% of the 
steam in the low-pressure turbine of a power plant.  In addition to the large energy penalty inflicted, issues related to thermal 
and oxidative solvent degradation, equipment corrosion, and environmental hazards require extensive studying [3-5]. 
 
The work presented is based on the work done in [6]. The paper evaluates the integration of CO2 capture in both natural gas-
fired and coal-fired power plants. The paper is divided in three main parts. Firstly, the capture process design has been altered 
aiming at reducing the thermal energy requirement in the desorber. Secondly, the optimal steam extraction point and conditions 
of the power plants have been considered, and overall system evaluations of the integrated processes made. Similar studies on 
the effect of steam extraction in coal power plants can be found in [7, 8]. Finally, a part-load analysis of the power plants was 
performed, investigating parametric variations relevant to steam extraction, and effects on the power plant performance. This 
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latter point is of particular interest for NGCC power plants as they commonly serve as floating electricity suppliers, frequently 
changing in load. Gaining a comprehensive understanding of part-load behaviour in coal-fired power plants with CCS is vital 
as the future energy system is expected to contain a large degree of alternative energy sources, resulting in an increased 
demand for plant flexibility over the course of a year [9].  
2. Methodology 
This section provides the main design assumptions made in the process models. Also various case studies for the NGCC power 
plant and capture process as well as for part-load operation have been defined. For the power plant models, assumptions and 
parameters given in the public document ‘Common Framework Definition Document’ were used [10]. The NGCC model was 
developed in Thermoflow’s simulation software GT PRO, while STEAM PRO was used for the hard-coal plant model. The 
MEA-capture process integrated with the two power plants, was designed and simulated in UniSim® Design Suite [11, 12]. 
Part-load evaluations were simulated using GT MASTERS and STEAM MASTERS – extensions of GT PRO and STEAM 
PRO used for off-design simulation.  
 
2.1. Computational assumptions and case definition 
 
Fig. 1. NGCC power plant scheme with steam extraction points (case 1 and case 2) 
 
The reference NGCC plant without CO2 capture has a net power output of 444MWe corresponding to a net electric efficiency 
of 58.26%LHV. A GE 9371FB gas turbine is utilized, fuelled by natural gas with a lower heating value of 46.5 MJ/kg. The 
water/steam cycle consists a triple pressure steam cycle with reheat interconnected with the gas turbine by a heat recovery 
steam generator (HRSG). The main computational assumptions are given in Table 1a.  
 
A possible option for covering the thermal energy demand in the reboiler is by extracting steam at some location of the steam 
turbine cycle. On the following page two NGCC case studies investigating different extraction points are given. The complete 
plant scheme including steam extraction points is given in Fig. 1.  
 
 
Fig. 2. Hard-coal power plant scheme with steam extraction point 
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For the reference hard-coal power plant without CO2 capture a net power output of 788MWe was calculated, with a 
corresponding net electric efficiency of 44.24%LHV. The fuel used is the bituminous Douglas Premium Coal with a lower 
heating value of 25.2 MJ/kg. The steam cycle is configured with a triple pressure steam turbine with reheat. The main 
computational assumptions for the steam cycle are given in Table 1b. For the conventional steam power plant, the most 
appropriate point for steam extraction is the IP/LP crossover, therefore this is the only case considered. The complete plant 
scheme including the steam extraction point is given in Fig. 2.  
 
Table 1a. Main design assumptions, NGCC   Table 1b. Main design assumptions, hard-coal  
 Value   Value 
HP pressure and temperature (bar/°C) 125/566  HP steam pressure and temperature (bar/°C) 300/600 
IP pressure and temperature (bar/°C) 30/566  HP steam mass flow rate (kg/s) 538 
LP pressure and temperature (bar/°C) 4.15/290  IP turbine feed pressure and temperature (bar/°C) 60/620 
IP/LP crossover pressure (bar) 3.7  IP/LP crossover pressure (bar) 4  
Condenser pressure and temperature (mbar/°C) 48/28  Condenser pressure and temperature (mbar/°C) 48/28 
Cooling water temperature (°C) 18  Cooling water temperature (°C) 18 
HP/IP/LP turbine dry step efficiencies (%) 92/94/90  HP/IP/LP turbine dry step efficiencies (%) 92/94/90 
 
 
NGCC power plant case study 1 – IP/LP crossover: The entire reboiler heat demand is provided by steam extraction from 
the IP/LP crossover pipe. The steam extraction pressure is set to 3.6 bar at saturated steam conditions, and the condensate 
returned to the steam cycle at 130°C and 3.9 bar. 
 
NGCC power plant case study 2 – IP/LP crossover and LPB: This case aims at investigating a plant configuration where 
the LP superheater can be excluded from the HRSG, hence saving equipment costs. The heat is provided by steam extracted 
from the LP boiler (LPB) located in the HRSG. Since the LPB only can provide steam up to a certain level, the remaining 
steam demand is covered by extraction from the crossover pipe. The maximum flow rate out of the LPB is set to 15 kg/s. 
Steam conditions are as for case 1 [13]. 
 
Hard-coal power plant case study – IP/LP crossover: The entire reboiler heat demand is provided by steam extraction from 
the IP/LP crossover pipe. The steam extraction pressure is set to 3.6 bar at saturated steam conditions, and the condensate 
returned to feedwater heating system at 130°C and 3.9 bar. 
 
For the base case capture process an MEA-absorption process was used (Fig. 3a.), where the absorber and desorber column are 
interconnected by a cross-flow heat exchanger. The main computational assumptions are listed in Table 2. For mass and 
energy balance calculations in the two columns, UniSim® utilizes a non-equilibrium stage model, applying theoretical trays 
with tray efficiencies. The Amine property package was used.  
Table 2. Main design assumptions, CO2 capture process 
  
 Value 
MEA-concentration (%-wt) 30 
Number of theoretical trays, absorber 15 
Absorber pressure drop (mbar) 50 
Capture rate (%) 90 
Cross-flow HEX approach temperature (K) 5 
Number of theoretical trays, desorber 30 
Desorber pressure drop (mbar) 40 
Reboiler pressure (bar) 2 
Reboiler approach temperature (K) 10 
Condenser temperature (°C) 30 
Final CO2 compression pressure (bar) 110 
 
In the following three capture process modifications are defined and the corresponding process schemes are given in Fig. 3b.-
3d. The aim of each case is to reduce the energy demand of the capture process, hence reducing the capture process footprint of 
the overall performance of NGCC and hard-coal power plants when integrated with CO2 capture. 
 
Capture case study 1 – Absorption intercooling (AI): The aim of this process modification is to enhance the carrying 
capacity of the solvent by cooling a fraction of the loaded solvent stream. A semi-rich stream is extracted from the bottom part 
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of the absorber and fed into a cooler. The stream is cooled to 25°C and pumped back into the absorber. The process is subject 
to optimization by varying the semi-rich extraction and reinjection point, and flow rate [14]. 
 
Capture case study 2 – Lean vapor recompression (LVR): The aim of this process modification is to recover part of the 
sensible heat contained in the lean solvent leaving the desorber column in the form of latent heat by flashing off part of the 
solvent water vapor. A semi-closed circuit is used in order to produce high-temperature vapor. The lean amine stream is 
throttled to a pressure of 1 bar, evaporating some water. The vapor is flashed and fed into a vapor compressor, recompressing it 
to the reboiler pressure of 2 bar. After recompression, the water vapor  is fed into the reboiler providing heat for solvent 
regeneration [14]. 
 
Capture case study 3 – Combined AI and LVR: This case study aims at investigating the potential of both case 1 and case 2 
combined in the same process. 
 
  
 
 
 
Fig. 3a. Base case capture process  Fig. 3b. Case 1 – Absorption intercooling 
 
 
 
Fig. 3c. Case 2 – Lean vapor recompression  Fig. 3d. Case 3 – Combined AI and LVR 
2.2. Steam extraction and integration 
When determining the penalty related to steam extraction, a term - the α-value - relating the amount of thermal energy gained 
for heating purposes to lost power output in the steam turbine is used. 
 
The α-value is used in cogeneration to determine the value of heat extracted from a thermal energy plant. Related to power 
plants with CO2 capture the same definition can used to quantify the impact steam extraction will have on the steam turbine 
power output, hence the electrical efficiency. α is as mentioned defined as the ratio between heat extracted to the power lost in 
the steam turbine due to steam extraction, and given by equation 1. A high α-value indicates a lower impact on the steam 
turbine power output. Utilization of low-grade steam gives a higher value of α [15]. 
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When all energetic consumption (i.e. mechanical work, compression work, and reboiler duty) related to the capture process has 
been quantified, the overall plant efficiency with CO2 capture can be determined. Equation 2 gives the terms required for plant 
efficiency calculations when CO2 capture and compression has been included [15].  
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2.3. Part-load assumptions 
For part-load simulations, only effects related to steam extraction from the power plant were investigated. The reboiler duty 
was assumed fixed at 3.6 MJ/kg CO2 for the NGCC case and 3.5 MJ/kg CO2 for the hard-coal case. The steam extraction rate 
varied accordingly with decreasing load. The steam quality limitations were set for a reboiler operating at 2 bar/120°C, 
corresponding to a minimum saturated water temperature at the reboiler outlet of 130°C. The plant load was varied from 40-
100% simulating steady-state conditions at each load. The NGCC study was limited to only comprise part-load effects of steam 
extraction as defined in case 1. Part-load effects related to CO2 capture process operation were not considered. Based on this 
the following three case studies were investigated for both the NGCC and hard-coal plant. 
 
Part-load case study 1: The LP turbine and inlet steam conditions were kept unchanged, to serve as a reference for case 2 and 
case 3.  
 
Part-load case study 2: The LP turbine inlet pressure was increased to compensate for part-load pressure drop down to 40% 
of full load. 
 
Part-load case study 3: The LP turbine was modified with a throttle control at the inlet, maintaining a fixed crossover and 
extraction pressure over the range of load conditions investigated. 
3. Results and discussion 
3.1. Capture process 
The results from the capture process case studies are given in Table 3. Considering each capture case study separately, results 
show that absorption intercooling has no effect on the overall energy requirement for the NGCC plant. The rich loading is 
slightly increased, reducing the reboiler duty, but this effect is cancelled out by additional mechanical work required to drive 
the semi-rich solvent pump. For the hard-coal plant on the other hand, AI has a better effect and reduces the overall energy 
requirement by 2.1%. This can be explained by the fact that the flue gas originating from the coal plant has a higher CO2-
concentration compared to the NGCC flue gas. Therefore the driving forces are higher at the bottom of the column, and AI will 
consequently have a greater potential. 
Lean vapor recompression gives a significant reduction in reboiler heat duty for both power plants. Although the mechanical 
work requirement is nearly doubled due to the vapor compressor, this process reduces the overall energy requirement by 11.1% 
compared to the base case for the NGCC plant. For the coal power plant, the overall energy requirement is reduced by 10.8%. 
Another positive effect of this process is a reduced desorber inlet temperature from approximately 107°C to 95°C, resulting in 
decreased cooling requirement in the overhead condenser.  
When combining the two processes, the energy requirement is further reduced. This can be explained by the fact that the lean 
loading is reduced with LVR; hence the driving forces in the absorber are boosted. However, the improvement applying the 
combined process in a NGCC plant compared to LVR alone is only 0.3%, and might be unfavorable when additional 
equipment costs are considered. For the hard-coal plant results show a 1.3% improvement. 
Table 3. Capture process result summary         
 NGCC plant  Hard-coal plant 
Parameters Base Case Case 1 Case 2 Case 3  Base Case Case 1 Case 2 Case 3 
Flow rates          
L/G ratio (ṁsolvent/ṁflue gas) 1.47 1.45 1.46 1.42  4.19 3.96 4.14 3.95 
CO2 captured (kg/s) 38.5 38.5 38.5 38.3  155.8 155.7 155.9 156.2 
Loading          
Rich loading (molCO2 / molMEA) 0.4749 0.4780 0.4752 0.4781  0.4894 0.5034 0.4899 0.5039 
Lean loading (molCO2 / molMEA) 0.2389 0.2392 0.2363 0.2355  0.2383 0.2386 0.2356 0.2361 
Cyclic loading (molCO2 / molMEA) 0.2360 0.2388 0.2389 0.2426  0.2511 0.2648 0.2543 0.2678 
Energy requirement          
Reboiler duty (MJth/kg CO2) 3.58 3.56 2.54 2.53  3.46 3.34 2.48 2.44 
Mechanical work (MJel/kg CO2) 0.12 0.12 0.22 0.22  0.064 0.065 0.162 0.158 
Compression work (MJel/kg CO2) 0.31 0.31 0.31 0.31  0.31 0.31 0.31 0.31 
Percentual reduction (%) - 0.0 11.1 11.4  - 2.1 10.8 12.1 
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3.2. Steam extraction 
As explained in section 2.2, the value of steam will be higher for low-grade steam compared to high-grade steam. This is 
verified in Fig. 4a. and Fig. 4b., illustrating α-variations for the two power plant cases. The mass flow of steam extracted was 
kept fixed at 3.6 MJ/kg CO2 (~63 kg/s) for the NGCC and 3.5 MJ/kg CO2 (~250 kg/s) for the coal-fired plant. With this set 
point, the extraction pressure was varied. As the figures indicates, α drops for increased pressure. This is reasonable when 
considering that high pressure steam has a higher potential related to power conversion due to a higher enthalpy drop in the 
steam turbine, compared to the thermal energy gained from high pressure steam extraction [16].  
For the coal-plant two different cases are displayed; (1) the crossover pressure was varied in accordance to the extraction 
pressure, and (2) at increasing pressure (above 4 bar) steam was extracted from fixed pressure bleed ports (13.5/8.7 bar) in the 
IP turbine casing. One can see that extraction from the crossover pipe is advantageous for all cases compared to extraction 
from the turbine bleed ports. 
 
 
 
Fig. 4a. Value of steam at varying steam extraction pressure, NGCC  Fig. 4b. Value of steam at varying steam extraction pressure, hard-coal 
 
In Fig. 5a. both steam extraction rate (given as the reboiler duty in MJ/kg CO2) and steam quality (given in °C) have been 
varied for NGCC case 1 and case 2. As the figures show the value of α decreases for increased extraction temperature/pressure, 
indicating that different solvent formulations with different regeneration temperatures will influence the necessary steam 
quality. However, α is only slightly affected by changes in steam extraction rate. The same trend is observed in Fig. 5b., which 
displays the same results for the hard-coal case. 
 
When comparing the two NGCC case studies, steam extraction from the LP boiler is only beneficial in the case where the 
reboiler duty is lower than 0.5 MJ/kg CO2. The reason why case 2 gives a higher penalty lay in the fact that the boiler pressure 
is 0.4 bar higher than the extraction pressure. A throttling effect occurs, leading to increased losses for case 2. The difference 
between the two cases is decreasing with increasing extraction temperature.  
 
 
 
 
 
Fig. 5a. Value of steam at varying reboiler duty, NGCC  Fig. 5b. Value of steam at varying reboiler duty, hard-coal 
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Figure 6a. Net plant electric efficiency at varying reboiler duty, 
NGCC 
 Fig. 6b. Net plant electric efficiency at varying reboiler duty, hard-coal 
 
In Fig. 6a. and Fig. 6b. the net plant efficiencies are given for the same conditions as presented in the two previous figures. 
When looking at the plant efficiency, one can see that both steam quality and amount of steam extracted will have an impact on 
the efficiency. This makes sense since both quality and quantity will influence the steam turbine enthalpy drop and volumetric 
flow rate, respectively. However, the dominating effect on the plant efficiency is related to the steam extraction flow rate. For 
low reboiler duties the efficiency is approximately the same for all cases, and independent of steam quality. For a reboiler duty 
of 5 MJ/kg CO2 on the other hand, there is a difference of about 1%-point for the NGCC case and 2%-points for the hard-coal 
case. The results show that the steam quality requirement should not be neglected when considering operating conditions of the 
reboiler. The results are interesting as they show that a solvent with low reboiler duty, but high regeneration temperature might 
give a lower penalty than a solvent with low regeneration temperature and intermediate to high reboiler duty. 
 
In Fig. 7a. and Fig. 7b. the mass flow distribution related to steam extraction for NGCC case 2 is given. Steam is provided 
from the LP cycle at low extraction rates. In this case saturated steam is withdrawn directly from the LP boiler. The LPB can 
provide steam up to 15 kg/s, corresponding to a reboiler duty of approximately 0.75 MJ/kg CO2. The results indicate that for 
future improved solvent formulations or capture technologies, a potential of partially HRSG-integrated reboilers arises. One 
benefit of integrating part of the reboiler directly into the HRSG, is that the heat for solvent regeneration can be provided 
directly from the flue gas in a one-step process instead of a two-step process through steam [17].   
 
 
 
 
Fig. 7a. Mass flow rates at varying reboiler duty, NGCC case 2  Fig. 7b. Mass flow distribution at varying reboiler duty, NGCC case 2 
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3.3. Power plants integrated with CO2 capture – system evaluation 
The NGCC power plant without CO2 capture has a net plant efficiency of 58.26%LHV. The summary of results for NGCC case 
1 and case 2 can be found in Table 4 and Table 5. When including CO2 capture the efficiency is reduced by 6.3-7.2%-points, 
depending on which capture process and power plant configuration is chosen. Results for power plant case 1 and 2 integrated 
with the four capture processes show that case 1 is favorable for all cases.  
The best plant efficiency is obtained in the case where steam is extracted from the IP/LP crossover at 3.6 bar and the capture 
process modified with LVR and AI. However, the marginal energy savings related to AI might not be profitable from a techno-
economic point of view.  
Table 4. NGCC power plant result summary, case 1    
 No capture Base Case Case 1 Case 2 Case 3 
Steam turbine power output (MWe) 156.1 124.6 124.8 134.8 135.0 
Heat extracted (MWth) - 137.8 136.8 97.6 97.1 
Steam extracted (kg/s) - 63.4 62.9 44.9 44.6 
α-value (MWth/MWe) - 3.96 3.97 3.98 3.98 
Efficiency penalty (%-pts) - 7.06 7.03 6.27 6.26 
Net plant efficiency (%LHV) 58.26 51.20 51.23 51.99 52.00 
 
 
Table 5. NGCC power plant result summary, case 2    
 No capture Base Case Case 1 Case 2 Case 3 
Steam turbine power output (MWe) 156.1 123.7 123.9 134.1 134.2 
Heat extracted (MWth) - 137.8 136.8 97.6 97.1 
Steam extracted (kg/s) - 63.4 62.9 44.9 44.6 
α-value (MWth/MWe) - 3.86 3.86 3.86 3.86 
Efficiency penalty (%-pts) - 7.19 7.16 6.38 6.36 
Net plant efficiency (%LHV) 58.26 51.07 51.10 51.88 51.90 
 
 
The hard-coal power plant without CO2 capture has a net plant efficiency of 44.24%LHV. When including CO2 capture the 
efficiency penalty ranges from 9.4-10.6%-points. Results for the power plant with CCS are given in Table 6. The best plant 
efficiency is obtained in the case where steam is extracted from the IP/LP crossover at 3.6 bar and the capture process modified 
with LVR and AI. The amount of steam extraction required is reduced with approximately 25% when applying LVR, which 
corresponds to a 33MWe increase in steam turbine power due to increased steam flow through the LP turbine.  
Table 6. Hard-coal power plant result summary    
 No capture Base Case Case 1 Case 2 Case 3 
Steam turbine power output (MWe) 824.9 695.1 699.3 731.9 733.4 
Heat extracted (MWth) - 538.8 521.5 387.2 381.0 
Steam turbine power output loss (MWe) - 129.8 125.6 93 91.5 
Steam extracted (kg/s) - 247.8 239.8 178.1 175.2 
α-value (MWth/MWe) - 4.15 4.15 4.16 4.16 
Efficiency penalty (%-pts) - 10.61 10.37 9.50 9.36 
Net plant efficiency (%LHV) 44.24 33.63 33.87 34.74 34.88 
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3.4. Part-load evaluation 
 Fig. 8a. Net plant electric efficiency at varying load, NGCC 
 
 
Fig. 8b. Net plant electric efficiency at varying load, hard-coal 
 
Results from NGCC part-load simulations show declining efficiency with reduced load for all three case studies. All the cases 
are with steam extraction. As the efficiency curves given in Fig. 8a. show, case 1 and case 3 hold the same efficiency down to 
80% of full load. After this case 3 drops more rapid. It can be seen that a throttle controlled LP turbine results in higher 
efficiencies than sliding pressure at 5 bar (case 2) for loads between 50-100%. 
 
The part-load results for the hard-coal plant show different characteristics compared to the NGCC cases. Two sets of curves 
have been plotted for this case; (1) without steam extraction, and (2) with steam extraction. All cases have declining efficiency 
with reduced load. As the efficiency curves given in Fig. 8b. illustrate, case 1 and case 2 show the same characteristics only 
distinguished by an offset. The reason for this offset is the higher pressure in the crossover pipe for case 2 compared to case 1. 
Since the dry stage efficiency is lower for the LP turbine than the IP turbine, a higher LP turbine inlet pressure will reduce the 
overall steam turbine power output and efficiency. For case 3 the efficiency without extraction is lower than case 1 and case 2 
for loads lower than 90%. When steam extraction is included, case 3 is favourable to case 2 for all loads between 60-100%, 
due to lower crossover pressure.  
 
 
 
 
 
Fig. 9a. Pressure changes at varying load, NGCC 
 
Fig. 9b. Mass flow changes at varying load, NGCC 
 
Fig. 9a. shows the pressure variations occurring in the extraction point as well as at the LP turbine inlet for the NGCC case. 
For a case 1 plant configuration the pressure drops below the extraction pressure requirement of 3.6 bar at loads below 80%, 
meaning this configuration will not be capable of providing steam at the quality required for solvent regeneration. A possible 
solution is to increase the crossover pressure to 5 bar, which is the modification applied in case 2. In this case the pressure 
drops with decreasing load, however, it is maintained above the required extraction pressure for all loads down to 40%. 
Increasing the crossover pressure gives a higher LT turbine inlet pressure. Since the LP turbine has a lower dry step efficiency 
than the IP turbine, increased inlet pressure of the LP turbine will results in a lower power output, hence a lower plant 
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efficiency. For case 2 the LP turbine inlet pressure follows case 1. However, when the LP turbine inlet pressure reaches 3.6 
bar, the throttle control is activated, maintaining the extraction pressure at 3.6 bar for case 2. For case 3 the extraction pressure 
is fixed, meaning high-grade steam is extracted in case 3 compared to case 1, and explains why for this case the efficiency 
drops more rapidly for loads lower than 80% when compared to case 1.  
 
Fig. 9b. gives the variations in mass flow rate around the extraction point. At decreasing load the steam production will 
decrease, potentially resulting in insufficient steam quantity for the reboiler. When monitoring the LP turbine inlet flow rate it 
can be seen that the mass flow is maintained for all loads, reaching its minima ~40 kg/s at 40% of full load. The entire flow 
originating from the LP superheater is utilized for steam extraction for all loads. 
 
 
 
 
Fig. 10a. Pressure changes at varying load, hard-coal 
 
Fig. 10b. Mass flow distribution at varying load, hard-coal 
 
The corresponding pressure variations at the extraction point and crossover pipe for the hard-coal case are given in Fig. 10a. 
For a case 1 plant configuration the pressure drops below the extraction pressure requirement of 3.6 bar at loads below 90%. 
By increasing the crossover pressure to 9.5 bar (case 2) the pressure drops with decreasing load, but is maintained above the 
required extraction pressure for all loads down to 40%. Increasing extraction pressure leads to a higher LP turbine inlet 
pressure. As was the case for steam turbine of the NGCC, the LP turbine in the hard-coal plant has a lower dry step efficiency 
than the IP turbine. The increased LP turbine inlet pressure results in a lower overall steam turbine power output, hence lower 
overall efficiency. For case 3 the LP turbine inlet pressure follows case 1. At approximately 90% of full load, the throttled 
controller in case 3 is activated maintaining the extraction pressure at 3.6 bar. The value of the steam for loads below 90% will 
be lower for case 3 compared to case 1 since the high-grade steam is utilized. This effect can be seen as a more rapidly 
efficiency drop for case 3 compared to case 1 in Fig. 8b.  
  
Fig. 10b. has been included to show the mass flow characteristics around the extraction point. The figure displays mass flow 
rates at the IP turbine discharge, extraction point and at the LP turbine inlet. As the figure indicates there will always be 
sufficient steam quantities available at the LP turbine inlet for all loads down to 40%. 
 
 
4. Conclusions and outlook 
This work has investigated several important aspects which are of importance when considering the application and possible 
improvements of absorption-based CO2 capture in a natural gas-fired combined cycle and a conventional steam power plant. 
The steam condition at the extraction point is an important factor, as low-grade steam gives a lower penalty in the steam 
turbine cycle. The steam extraction point in the natural gas-fired power plant is also a point worth investigating. Although 
giving a slightly higher penalty, partial extraction from the LP boiler is interesting as it eliminates the LP superheater from the 
process, saving equipment costs. For the coal-fired power plant the IP/LP crossover pipe was considered to be the most 
appropriate location for extraction. It is possible to extract steam from steam bleed ports in the IP turbine casing, but at a 
higher penalty. 
 
Process modifications internally in the capture process show a potential in terms of reducing the energy requirement. 
Especially lean vapor recompression showed good potential in decreasing the amount of steam extraction required. The 
following energy penalty reduction was 0.8%-points for the NGCC case and 1.1%-points for the coal power plant case. When 
combining absorption intercooling with lean vapor recompression the penalty reduction was further reduced and the net plant 
efficiency increased from 51.2% to 52.0% (NGCC case) and from 33.6% to 34.9% (coal-fired case). 
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Finally, effects of part-load around the extraction point have been considered for both power plants.  Part-load results show 
that measures are required in order to prevent the extraction pressure from dropping below the required pressure in the reboiler. 
It was found that two possible steam turbine configurations could be made; (1) adding a throttle control at the LP turbine inlet, 
and (2) increasing the crossover pressure to compensate for the pressure decline with reduced load. 
 
 
Further work should be addressed to consider advanced integration. For NGCC power plant the integration potential is rather 
limited due to the high LP pinch-point in the bottoming cycle. However, integration of part of the reboiler directly in the 
HRSG should be investigated further. For conventional steam power plants there is a significant potential in terms of heat 
integration. The feedwater heating system is provided with heat by steam bled from the steam turbine. If this heat can be 
provided from process waste heat, more steam can be utilized for power conversion in the steam turbine instead of heating 
purposes. The low temperatures found in the feedwater heaters enhance this potential compared to an NGCC plant. Part-load 
evaluation of the capture process and the overall power plant process with CCS is required in order to get the full 
understanding of how operability is affected when applying CCS. Part-load performance of the capture plant and its interaction 
with the power plant might alter the type of integration required compared to what would be expected to be optimal from the 
design case. 
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Nomenclature 
D  Heat output to power lost      [MWth/MWe] 
extrQ   Specific heat extracted as steam      [MWth] 
P'  Steam turbine power output loss due to steam extraction    [MWe] 
extrm  Mass flow of steam extracted      [kg/s] 
ih   Steam/water enthalpy       [kJ/kg] 
iK  Electric efficiency        [%LHV] 
2CO
mechE  Specific power consumption in fan and pumps in capture process   [MJel/kg CO2] 
2CO
rebE  Specific heat consumption in reboiler      [MJth/kg CO2] 
2CO
comprE  Specific power consumption in CO2 compression train    [MJel/kg CO2] 
C  Ratio between fuel and CO2 formed      [mfuel/mCO2] 
f  Capture rate        [%] 
LHV  Lower heating value of fuel       [MJ/kg fuel] 
